Introduction
Transition metal oxides with perovskite structure (ABO 3 ) have attracted numerous research attentions for decades because their structural versatility accommodated with a large number of elements at the A-and B-sites leads to extensive intriguing features such as ferromagnetism, superconductivity, colossal magnetoresistance, and metal-insulator transition [1] [2] [3] . Polar perovskite compounds without inversion center are of particular interest for the additional symmetry-dependent properties (e.g. piezoelectricity, pyroelectricity, ferroelectricity, and nonlinear optical response), giving rise to materials with multifunctionality [4] . However, except for only a few compounds [5] , it has been generally recognized that most of the perovskite oxides tend to crystallize into nonpolar structures [6] [7] [8] with inversion center preserved as a result of the BO 6 octahedral tilts and rotations accompanied by A-site cation displacement [8] . To overcome this issue, different strategies have been proposed in theory to break the inversion symmetry through chemical doping [9] , epitaxial strain engineering [10] [11] [12] , or establishment of artificial superlattices [13] [14] [15] [16] [17] [18] . However, it remains an ongoing challenge for experimentalists to search possible candidates of polar perovskite oxides.
In this work, we report the discovery of two polar phases in epitaxial La 0.5 Y 0.5 AlO 3 (LYAO) thin films grown on (0 0 1) LaAlO 3 (LAO) substrate. The quality of the LYAO film has been verified using a combination of characterization methods including scanning transmission electron microscopy (STEM) and synchrotron-based x-ray diffraction. Optical second harmonic generation (SHG) measurements of LYAO film indicate that a nonpolar-polar phase structure takes place at a critical temperature of ~500 K, followed by a second polarpolar phase transition at ~160 K. Such phase transitions have never been reported so far in either of the parent constitutes (at room temperature, the structure of LAO belongs to space group R3c, while that of YAlO 3 (YAO) belongs to space group Pbnm) [19] . Detailed analysis on the polarization diagrams of the SHG intensities gives compelling evidences that the point group symmetry of both polar phases is mm2. We further give discussions on the speculated space group of each phase.
Results and discussion

Film growth
In bulk, both of the parent compounds, LAO and YAO are members of the rare-earth aluminate perovskite, which serve as prototypical materials for scintillators [20] , laser techniques [21] , and high-κ dielectrics [22] . It was previously reported that the La 1−x Y x AlO 3 solid solution maintains a single phase with the Pbnm structure except for x = 0.5, where the compound is thermodynamically unstable and phase separation occurs [23] . Regarding this, we first investigate whether a single phase La 0.5 Y 0.5 AlO 3 can be established in the form of thin film since epitaxial stabilization has been recognized as a powerful tool to realize metastable or unstable phases that are far from the thermodynamical equilibrium in bulk phase diagrams [24] .
Epitaxial LYAO thin films were fabricated on 5 × 5 mm 2 (0 0 1)-oriented LAO substrates by pulsed laser deposition with a KrF excimer laser operating at λ = 248 nm. The ablation frequency was set as 18 Hz, and the substrate was maintained at 750 °C in high vacuum of ~10 −6 Torr. After growth, the sample was annealed at 580 °C for 30 min in an oxygen atmosphere of ~700 Torr and then cooled down to room temper ature. The entire process of deposition was monitored by in situ reflection-high-energy-electron-diffraction (RHEED). We observed that the growth mode started to transfer from two-dimensional layer-by-layer mode to quasitwo-dimensional island mode according to the in situ RHEED patterns when the thickness of LYAO exceeds ~30 nm. We focused our measurement on the sample with thickness <15 nm in this study. Cross-section STEM images of the film were taken using the high-angle annular dark-field (HAADF) and bright-field (ABF) methods at Oak Ridge National Laboratory. Synchrotron-based x-ray diffraction (XRD) measurements were performed at beamline BL14B1 of Shanghai Synchrotron Radiation Facility. The wavelength of the incident beam was set at 1.2398 Å. The detailed information about beamline BL14B1 can be found in [25] .
In order to investigate the crystalline quality of the epitaxial film, STEM images were taken along the pseudocubic [1 1 0] pc axis. The STEM-HAADF images shown in figure 1 (a) clearly demonstrate good crystallinity and uniformity of the LYAO film. As indicated by the yellow dash line, the interface between film and substrate is confirmed to be atomically flat, as the LYAO film appears darker than the LAO substrate due to its lower atomic number on average at the A-site. In addition, the LYAO film is coherently strained to LAO substrate.
To further identify the AlO 6 octahedral tilt pattern of the film, we took STEM-ABF imaging on the highlighted area in LYAO along the pseudocubic [1 1 0] pc axis, shown in figure 1(b). According to He et al [26] , the shape and symmetry of the oxygen columns in the images projected along the pseudocubic [1 1 0] direction can provide comprehensive information determining the rotation patterns (in-phase or anti-phase) along both in-plane and out-of-plane directions. As displayed in figure 1(b) , instead of being a round or an ellipse, the 'teardrop-like' shape of the oxygen columns suggests that in-phase rotation only occurs along one of the in-plane direction, whereas anti-phase rotation takes place along the other in-plane directions [26] . In addition, the lack of mirror symmetry between two adjacent oxygen columns (separated by the yellow dashed lines) indicates the presence of anti-phase rotation along the out-of-plane direction. For simplification, we denote it as 'a − b + c − ', regardless of the magnitude of the rotation angles.
X-ray diffraction (XRD) θ−2θ scans (figure 1(c)) were performed on the LYAO thin films, as well as a bare LAO substrate. As displayed on the figure, in the vicinity of the sharp peaks of the substrate, only the (0 0 l) Bragg reflections of the film is observed, excluding the presence of any impurity phase. Besides that, the distinct thickness fringes around each (0 0 l) reflection further corroborate the flatness of the film surface. The calculated out-of-plane lattice parameter of the LYAO film is 3.880 Å. The total thickness of the film is 9.84 nm as deduced from the distinct fringes, which is in good agreement with values estimated from STEM image. 
SHG characterization
After confirming the quality of the sample, we next turn to investigate whether the film has a polar structure or possesses any nonpolar-polar structural phase transition in a wide temper ature range. Optical SHG is an extremely sensitive technique for this purpose, since its strength is directly related to the third-rank polar tensor of a solid [27] [28] [29] [30] . The SH intensities in different coordinate directions can be evaluated by considering a matrix of nonlinear optical susceptibility with 18 elements (d ij ) having values that are tightly associated to the crystal symmetries [31] . We characterize the space symmetries of the sample by analyzing the measured polarization components of SHG using the reflection geometry ( figure 2(a) ) with an angle of incidence θ = 45
• . The incident beam was generated from a Ti:Sapphire regenerative amplifier (Libra, Coherent, 100 fs pulses, 1 kHz repetition rate). The incident beam was focused on a spot with diameter of ~500 µm, and the detected signal averaged out the responses from possible domains [32, 33] . The samples were mounted on a vacuum cryostat (MicroCryostatHe, Oxford) or a home-built optical chamber filled with oxygen for low-temperature (4-500 K) or high-temperature experiments (300-800 K), respectively. A laser clean filter was placed before the sample to avoid any artifacts caused by optical surfaces and the output SH signal was filtered by a short-pass filter and detected with a spectrograph (Sp2500i, Princeton Instruments) equipped with a liquid-nitrogen-cooled charge-coupled device. Temperaturedependent SH experiments were performed by gradually increasing the temperature. We compared the SH signals from the film sample and the substrate to check the possible effect due to the interface. The SH signal from the film sample is over two-order magnitude larger than that of the substrate, suggesting the contribution from the interface is insignificant in the film sample (Inset, figure 2(b) ). For polarimetry measurements, we also measured the generated SH signals at two different polarizations, namely, s-polarized ( I s ) and p-polarized ( I p ) SH lights, as set by a linear polarizer before the detector, while the polarization of the incident laser beam is changed by a half-wave plate.
Temperature dependence of SH response was measured from 800 K to 70 K (Figure 2(b) ). As seen, a clear centrosymmetric to non-centrosymmetric phase transition has been detected at a temperature of T c ~ 500 K, above which the SH intensity diminishes to a minimum background value. The SH intensity reaches a maximal value at T ~ 250 K and gradually decreases as the temperature is lowered. This is similar to the case in Ruddlesden-Popper oxides [34] . The octahedralrotation-induced non-centrosymmetry causes a temperaturedependent displacement between ions, leading to the drop of nonlinear susceptibility with increasing temperature [34] . In addition, however, an anomaly behavior is detected at T a ~ 160 K, where the SH intensity suddenly jumps to a higher value, indicative of another possible phase transition.
In figures 3(a)-(d), we show the polarization diagrams of SH radiation of each polarization (red for s-polarization and blue for p-polarization) measured at 70 K, 150 K, 250 K, and 400 K, all of which are within the non-centrosymmetric region. Information about the nonlinear susceptibility of the film can be obtained through recording the SH intensity as a function of the incident polarization angle of ϕ, with respect to the s polarization. Interestingly, the shape of the s-polarized polar plot has extremely distinct features on either side of the anomaly temperature T a , which agrees quite well with the temperature dependent results and provides another evidence that a polar to polar phase transition may take place at T a ~ 160 K besides the nonpolar to polar phase transition at T c ~ 500 K.
To shed light on the probable group symmetries of the noncentrosymmetric phases, we performed data fittings on the polar plots of both s-polarized ( I s ) and p-polarized ( I p ) SH signals. As shown in solid lines in figures 3(a)-(d) , results can be reasonably reproduced if fitted based on the orthorhombic mm2 point group symmetry, in which the expression of the nonlinear tensor has the following nonzero coefficients: 24 and d 33 , where the usual tensor abbreviation subscripts and Klienmann symmetry are applied [27, 31] . The resultant SH intensities in our geometry can be therefore derived as,
where ϕ is the angle of incident polarization with respect to the s polarization. These give rise to two series of values of the Combining together the results from STEM imaging and SHG fittings, two conditions need to be satisfied for the determination of the space group symmetries of the polar phases of the film. First, regardless of the magnitude of the tilt angle, the octahedral rotation pattern should be compatible with
Second, the space group should be non-centrosymmetric and belong to the family of mm2 point group. Group theory analysis [6] suggests that there are two most probable space groups for the polar structure, Pmc2 1 (space group No. 26) and Pmn2 1 (space group No. 31). In particular, it has been reported that for both symmetries, the expressions of the SH polar plots have the same form yet only with different values of the tensor elements [35] [36] [37] . Therefore we speculate that the anomaly behavior observed on the temperature dependent SH curve at T a ~ 160 K is a hallmark of polar-polar phase transition between Pmc2 1 and Pmn2 1 . Furthermore, the high temperature (T > 500 K) nonpolar phase is most likely with Pbnm (space group No. 62) symmetry.
The remaining question is: What is the symmetry of the ground state of LYAO thin film? Although it is difficult to distinguish from SHG fittings and additional experiments such as Raman spectroscopy combined with first-principle calculations may be needed, we can think of it from other perspectives. Theoretical calculations have predicted that for bulk Pbnm perovskites (such as CaTiO 3 and CaMnO 3 ), polar modes can be induced or enhanced into the film, giving rise to polar phases that were hidden in their bulk form [10, 12, 38, 39] . Especially under tensile strain, Pmc2 1 ground state can be induced and is most stable for intermediate strain, whereas a Pmn2 1 ground state is more energetically favored for larger strain (>3.9%) [10, 12, 38, 39] . In our case, the estimated value of tensile strain is ~0.93% if we take the average number of YAO (a YAO = 3.72 Å) and LAO (a LAO = 3.79 Å) as the LYAO bulk lattice parameter (a 0 = 3.755 Å). As a result, we propose that the ground state is most likely the Pmc2 1 symmetry. This finding is actually in agreement with a recently published work, in which the ground state of 1% tensile-strained CaTiO 3 films with a − b + c − octahedral tilt pattern possesses the Pmc2 1 space group symmetry [40] .
Conclusion
In summary, high quality LYAO thin film has been fabricated successfully on LAO substrate for the first time. Characterized by STEM and SHG, it is found that in a wide range of temperature, two structural phase transitions take place in the film: a nonpolar-polar phase transition at 500 K, and another polar-polar phase transition at 160 K. Our results clearly demonstrate the feasibility of establishing new types of noncentrosymmetric structures by means of heteroepitaxial strain engineering and pave another way towards the pursuit of multifunctional materials. 
